Species of the extinct genus Hyaenodon were among the largest carnivorous mammals from the Late Eocene through Early Miocene in North America, Europe and Asia. The origin, phylogeny and palaeobiology of Hyaenodonta are still ambiguous. Most previous studies focused on teeth and dental function in these highly adapted species, which might be influenced by convergent morphologies. The anatomy of the bony labyrinth in vertebrates is generally quite conservative and, additionally, was used in functional-morphological studies. This study provides the first anatomical description of the bony labyrinth of the extinct European species Hyaenodon exiguus in comparison to selected extant carnivoran taxa discussed from a functionalmorphological perspective. Hyaenodon exiguus may have occupied a hyaena-like dietary niche with a semiarboreal lifestyle, based on the relative height, width and length of the semicircular canals of the inner ear. However, this contradicts previous functional-morphological studies focusing on the diameter of the canals, which presumably represent the signal of locomotion mode.
Introduction
The evolutionary history of carnivorous mammals starts in the Paleocene (~60 million years ago) and extends to the present (Flynn, 1998; Gunnell, 1998; Janis et al. 1998) . Although the name implies that meat is the dominant food resource, members of this group include those that consume only meat to more omnivorous feeders (Wilson & Mittermeier, 2009 ). Additionally, their locomotor repertoire is diverse, ranging from tree climbing (arboreal) to specialized running (cursorial; Wilson & Mittermeier, 2009) . Some fossil carnivorous groups have no living members today, like the Hyaenodonta (Sol e, 2013) , the focus of this study. Therefore, it is of special interest to investigate the ecological role of extinct carnivorous mammals in comparison to extant Carnivora.
The order Hyaenodonta first appeared close to the Paleocene-Eocene boundary in Africa and Laurasia (Sol e, 2013) , and dominated predatory guilds across the northern continents during the early Eocene. They were the only carnivorous mammals present in Africa until the Miocene (Morlo, 1999; Morlo et al. 2010) , and persisted even after the successful rise of modern Carnivora (Van Valkenburgh, 1988; Morales & Pickford, 2005; Wang et al. 2005) . Unlike Carnivora, which have a single pair of carnassial teeth (one upper premolar, one lower molar), hyaenodontans had three pairs of carnassial teeth, including one upper premolar, two upper molars and three lower molars (Van Valkenburgh & Wayne, 2010) .
Species of the genus Hyaenodon were among the geographically most widespread and relatively abundant predators in North America, Asia and Europe between 38 Ma (Late Eocene) and 16 Ma (Early Miocene), where they underwent endemic radiations (Mellett, 1977; Gunnell, 1998; Wang et al. 2005; Tsubamoto et al. 2008; Bastl et al. 2011 Bastl et al. , 2012 . They ranged in estimated body size from a red fox to an African lion with body weights from 10 to almost 100 kg (Van Valkenburgh, 1988; Egi, 2001 ) and, additionally, exhibited sexual dimorphism (Mellett, 1977; LangeBadr e, 1979) . Whereas the evolution of North American species is fairly well documented (Mellett, 1977; Morlo, 1999) , the situation in Europe is not as clear due to multiple immigrations from Asia at the Eocene-Oligocene boundary (Grande Coupure; Lange-Badr e, 1979; Morlo, 1999; Bastl & Nagel, 2013) .
The origin of the genus Hyaenodon likely is rooted in the Asian genus Propterodon (Bastl et al. 2011) . Currently, Hyaenodon spp. are placed in the order Hyaenodonta and family Hyaenodontidae (Sol e, 2013) . Hyaenodonta (Polly, 1996; Gheerbrant et al. 2006; Sol e et al. 2009 ), along with Oxyaenodonta and Mesonychia, were united under the paraphyletic order 'Creodonta' at one time. The relationships of 'Creodonta' among mammals were controversial, and they even were considered as marsupials before being recognized as Placentalia (Filhol, 1883; Schlosser, 1887) . The order 'Creodonta' recently has been abandoned in favor of two separate orders, Hyaenodonta and Oxyaenodonta, in order to emphasize their separate evolutionary histories (Sol e, 2013) . However, the relationships of Hyaenodonta within Mammalia and its potential relationship to the extant order Carnivora are still not resolved. The geographic center of origin of Hyaenodonta also is uncertain, although both Africa (Sol e et al. 2009) and Asia (Marandat, 1997) were suggested in the past.
Resolving phylogenetic and palaeobiological questions among mammals has traditionally been inferred from studies of teeth (Clemens, 1970; Krause, 1982; Schultz & Martin, 2014) . However, this approach alone may introduce inaccuracies because convergent morphologies (rather than shared apomorphies) often are difficult to recognize (Vianey-Liaud, 1985; Marivaux et al. 2004 ). Conversely, the anatomies of the middle and inner ear regions are highly conservative (Hyrtl, 1873; Doran, 1879; Gray, 1907; Manley, 2000; Macrini et al. 2013) , and enable a correlation between behavior and anatomy (Hadzelimovic & Savkovic, 1964; Spoor et al. 1994 Spoor et al. , 2007 Spoor & Zonneveld, 1998; Spoor, 2003; Silcox et al. 2009; Cox & Jeffrey, 2010; David et al. 2010; Billet et al. 2012; Groh e et al. 2015; Pfaff et al. 2015) . The anatomy of the bony labyrinth of hyaenodontans, nonetheless, has not been studied up to now. In Hyaenodontidae, the auditory bulla of the ear region encloses the middle ear space, with the bony ossicular chain and the bony septa (Mellett, 1977) . The anatomy of the middle ear of Hyaenodon was already described previously in detail ( Van der Klaauw, 1931; Mellett, 1977; Lange-Badr e, 1979) and will not be considered here any further.
The membranous labyrinth of the inner ear of mammals comprises three semicircular ducts (enclosed by bone: ASC, anterior semicircular canal; PSC, posterior semicircular canal; LSC, lateral semicircular canal), a saccule, a utricle for spatial orientation, and a cochlear duct for detecting sound (De Burlet, 1934) . The membranous labyrinth is filled with endolymphatic fluids, surrounded by perilymphatic fluids and is enclosed within the petrosal bone, together representing the bony labyrinth. The most obvious variation of the bony labyrinth between different taxa is the length and number of cochlear coils, which represent a potential phylogenetic signal in the inner ear of mammals. It ranges from less than one turn (e.g. monotremes) to five turns and has been examined in many studies so far (Gray, 1907 (Gray, , 1908 Pye, 1979; Rowe, 1988; Ruf et al. 2009 Ruf et al. , 2013 Luo et al. 2011 Luo et al. , 2012 Ekdale, 2013; Macrini et al. 2013) .
Here, the bony labyrinth of the European species Hyaenodon exiguus (Gervais, 1872) is visualized for the first time and discussed from a functional-morphological perspective. Our study is the first comparative investigation of the ear region of Hyaenodontidae with selected extant taxa and presents palaeobiological reconstruction of this species.
Materials and methods
A left skull fragment of H. exiguus (MNHN Qu 8594) with a wellpreserved auditory bulla was re-examined with a non-invasive micro-CT-device (Viscom X8060; tube: X9225-XD) at the Department of Anthropology, University of Vienna, Austria. This specimen is from an unknown quarry of the Quercy Phosphorites (France, Oligocene) and is housed in the Quercy collection at the Mus eum National d 0 Histoire Naturelle (Paris, France). Its external anatomy already was described in detail (Lange-Badr e, 1979). The fragment belongs to a small-sized specimen of H. exiguus with an estimated body mass of 10 kg. For estimating the condylobasal length of this skull fragment, a fully preserved skull was used as a main reference (Lange-Badr e, 1979) . This comparative skull measures 165 mm in total length, with a length of the distal region (zygomatic arch to occipital condyle) of 25 mm. The equivalent distal region of the investigated specimen of our study measures 23 mm. We thus estimate a skull length of about 155 mm for the fragment.
For reconstructing the palaeobiology of H. exiguus, we investigated specimens representing extant carnivore species with a variety of different locomotion patterns, including members of the families Felidae, Hyaenidae, Protelidae, Viverridae and Nandiniidae. Nandiniidae (Palm Civets) was selected due to their assumed basal position within Carnivora (Hunt, 1987; Flynn et al. 2005) , Hyaenidae due to their cursorial adaptations (Morlo et al. 2010) , and Felidae and Viverridae due to their size range and different locomotion patterns (Wilson & Mittermeier, 2009) . Therefore, different locomotor modes and habitat utilization types were included in this study (see Data S1). The bony labyrinths of 14 carnivoran taxa were imaged with a SkyScan micro-CT device (1173, Bruker) at the Department of Palaeontology (University of Vienna, Austria) for comparative purposes (detailed list of species and CT parameters in Data S1). The processing of the tiff-image stacks of all investigated specimens was performed with Amira v.5.4.1. (Visualization Sciences Group). Due to preservation, manual segmentation of the bony labyrinth with unconstrained smoothing was carried out. For elucidating probable phylogenetic relationships, a warp analysis (isometric superposition) of the bony labyrinths between H. exiguus and the most basal carnivoran Nandinia binotata was calculated with Amira v.5.4.1 by using 11 Type 1 landmarks (Movie S1; Fig. S1 ).
Three-dimensional measurements were taken directly on the reconstructed bony labyrinths with Amira v.5.4.1 following the protocol of previous studies ( Fig. 1a ; Pfaff et al. 2015) and are listed in Data S2. The regression and calculation of the residuals eliminate the influence of the skull size of the species. Therefore, prior to the statistic analyses, residuals of measurements and the condylobasal length were carried out (Pfaff et al. 2015) . Principal component analyses (PCA) were calculated (IBM SPSS Statistics v.22), and corresponding graphic illustrations were modified (Adobe Illustrator CS5). The phylogenetic signal in the investigated bony labyrinths of the selected Carnivora was analyzed with phylogenetic independent contrasts (PICs), Bloomberg's Kvalue and Pagel's lambda (Felsenstein, 1985; Paradis, 2012) by ). Due to the large difference between the number of taxa and the number of characters of the bony labyrinth, a phylogenetic analysis was not performed (Schwarz, 2012) .
Results

Comparative anatomy of the bony labyrinth
The bony labyrinth of the left occipital region (MNHN Qu8594) provides the first evidence of the anatomy of the vestibular system of a European specimen of H. exiguus ( Fig. 1a ; Movie S1). The anatomy of the bony labyrinth is compared with the vestibular system of the extant species N. binotata (African Palm Civet) using warp analyses ( Fig. 1b; Fig. S1 ).
In H. exiguus, the ASC is round and not as expansive as in N. binotata. The PSC is partly broken and a short portion of the canal is missing. Nevertheless, the round shape of PSC is recognizable, which is in contrast to the oval shape of the canal in N. binotata. The LSC in H. exiguus is displaced dorso-ventrally and extends in a latero-occipital direction. The saccule and vestibule of N. binotata are larger than in H. exiguus. The perilymphatic canal of H. exiguus is in a low and ventral position; however, the secondary lamina and the endolymphatic canal are not entirely preserved.
The most obvious difference in the investigated taxa is seen in the overall shape and orientation of the cochlea. The cochlea of H. exiguus is characterized by 2.5 turns twisted ventro-laterally, whereas 2.75 turns are present in N. binotata. The second coil of the cochlea in H. exiguus is flat in comparison to the corresponding one in the cochlea of N. binotata. In both species, a gap between the vestibule and the first turn of the cochlea is present. Another gap is found between the first and second turns of the cochlea, which is smallest in H. exiguus.
Functional morphology of the bony labyrinth
The anatomy of the bony labyrinth of H. exiguus and extant representatives of Carnivora was investigated with PCA ( Fig. 2 ; Data S2). The first and second components are positively correlated with the relative height, width, length and diameter of the three semicircular canals (ASC, PSC, LSC) and the relative length of the cochlea (Co), and negatively correlated with the length of the crus commune (Cc). The third principal component is positively correlated with the relative height of ASC and LSC, the width of PSC and LSC, the diameter of PSC, the length of Cc and Co, but negatively correlated with the width of ASC, the length of ASC, PSC and LSC, the height of PSC, and the diameter of ASC and LSC. Distinct morphospaces of the investigated taxa are recognized with two overlapping regions. The morphospace range of the included felids is the largest of all families, and also contains two species of hyaenas, Proteles cristatus (Protelinae, Wilson & Mittermeier, 2009 ) and Crocuta crocuta, and viverrids, Paguma larvata and Artictis binturong. Nandinia binotata and H. exiguus are placed outside of the morphospace of felids, viverrids and hyaenids and, additionally, not close to each other.
Discussion
Previous studies focusing on the reconstruction of the behavior and lifestyle of Hyaenodon have been mainly based on teeth so far (Vianey-Liaud, 1985; Marivaux et al. 2004) . However, morphological analysis of the ear region in mammals also provided important functional, phylogenetic and evolutionary information (e.g., Doran, 1879; Fleischer, 1973 Fleischer, , 1978 Takechi & Kuratani, 2010; Pfaff et al. 2015) . Therefore, comparative investigations of the bony labyrinth of extant Carnivora and extinct Hyaenodon can be used to provide predictions concerning the lifestyle, hunting behavior (predator vs. scavenger) and food web positions of the latter. Additionally, such an analysis provides an opportunity to reconstruct the palaeobiology and palaeoenviroment of Hyaenodon including predatorprey interactions.
Palaeobiology of Hyaenodon exiguus
Focusing on the anatomy of the bony labyrinth of H. exiguus and representatives of Carnivora, we can identify distinct morphospaces based on the first principal component (PC1), but can also differentiate between the extant families based on the second principal component (PC2; Fig. 2) . The latter shows the highest loading on the relative diameter of the canals, whereas PC1 has the highest loading on the relative height, width and length of the canals. Even if the phylogenetic influence on the functional-morphological signal of the anatomy of the bony labyrinth in the extant taxa might be small and thus cannot be entirely excluded (for detailed values see Data S2), it is reasonable to assume that the main phylogenetic differentiation of the bony labyrinths is expressed by the diameter of the semicircular canals. However, this is in contrast to previous studies, in which this parameter was identified as the main signal for the functional morphology of the vestibular system. In squirrels, which are highly adapted to different locomotor modes, the functional-morphological signal of the bony labyrinth is seen in the diameter of the semicircular canals and provides a distinction between ground living and gliding species, the differing demands of which likely result in physiologically different degrees of sensitivity of the vestibular systems (Pfaff et al. 2015) . Additionally, a correlation between the radii of curvature to streamline length of each semicircular canal (Cox & Jeffrey, 2010) and also a correlation of radii of curvature to the respective body mass or body size in mammals represent anatomical signals of locomotory adaptations of the vestibular systems (Spoor & Zonneveld, 1998; Spoor, 2003) . However, in these previous studies, detecting the phylogenetic signal in the anatomy of the bony labyrinth (Doran, 1879) instead of the functional-morphology was of minor importance. These contradictory results of the anatomical parameters suggest that the functional-morphological signal of the bony labyrinth and the corresponding morphology of this sense organ cannot be entirely detected in a single anatomical parameter, but in the functional interaction of the parameters and therefore the overall shape of the vestibular system.
In the PCA (Fig. 2) , hyaenas and viverrids can be separated from each other but show overlapping zones with the felids. Species living in open landscapes with high-speed locomotor tendencies are found in the upper right part of the diagram, whereas taxa from more closed, forested habitats that practice more generalized locomotor behaviors are found in the lower parts of the plot.
Based on its intermediate position between the morphospaces of the viverrids living in forests and generalist species living in mixed habitats, the palaeobiology of H. exiguus might best be reconstructed as semi-arboreal and occupying a hyaena-like niche. The reconstructed locomotor behavior of small North American species of Hyaenodon, based on the anatomy of the scapula and the respective development of the musculus levator claviculae (Mellett, 1977) , also indicates a similar palaeobiological pattern to that of H. exiguus. These anatomical structures of the forelimb are considered important for climbing capacities in open landscapes, a behavior that can now be validated based on the anatomy of the bony labyrinth of the European species. In contrast, large North American species had an exceptionally well-developed locomotor system, which was more derived than that of contemporary Carnivora and was clearly more cursorial (Mellett, 1977) . Additionally, large North American species of Hyaenodon cannot be differentiated from modern cursorial carnivorans in structures of the thorax and forefoot, which also indicate a cursorial locomotion for these taxa (Mellett, 1977) . This differentiation between European and North American species of Hyaenodon is also seen in dental material. European species of Hyaenodon have dentitions that indicate a more generalized diet similar to that of modern hyaenids, which is in contrast to North American taxa, with dentitions that indicate that they were more similar to extant Panthera leo in dietary adaptations (Bastl et al. 2012) .
Phylogenetic implications
The cochlea of H. exiguus has fewer turns than other known Carnivora (Gray, 1907 (Gray, , 1908 Getty, 1964; Pye, 1979) and also fewer than the North American species of Hyaenodon, which have three turns (Mellett, 1977) . This might indicate a more plesiomorphic character state for the bony labyrinth in the European taxon and corresponds to findings based on the anatomy of the middle ear ( Van der Klaauw, 1931) . Additionally, the warp analysis shows anatomical differences between H. exiguus and a basal representative of carnivorans, N. binotata (Fig. 2) , which might indicate a special phylogenetic position for both taxa. However, as discussed above, the phylogenetic position of the family Hyaenodontidae is not fully resolved. Therefore, future studies focusing on additional anatomical characters of the bulla auditiva and middle ear might better elucidate phylogenetic relationships.
Conclusion
To more fully reconstruct the palaeocommunity of the European Eocene, it is essential to investigate the ecological niche and locomotor capabilities of the extinct carnivorous Hyaenodonta throughout comparison with extant Carnivora. Hyaenodonta filled the major predatory niche in the northern continents through much of this period and as such occupied a position from which they could heavily influence the development of resource utilization among all other mammals.
In this study, the application of non-invasive micro-CT techniques, including warp analyses, the bony labyrinth of carnivorous mammals has revealed a number of new insights into the palaeobiology of hyaenodontans, including: (i) carnivorous mammals can be assigned to different and often discrete ecomorphological niches based on the anatomical parameters of the relative height, width and length of the semicircular canals; (ii) applied to the extinct carnivorous Hyaenodon, this taxon can be best classified as a semi-arboreal mammal; (iii) in the context of food preferences within Hyaenodontidae, Hyaenodon best compares dentally with extant hyaenids. The latter result in combination with the reconstructed semi-arboreal locomotor repertoire of H. exiguus, this taxon occupied a carnivorous ecological niche not known today. It implies that additional studies of hyaenodontan vestibular systems have much to offer in elaborating palaeobiological patterns initially developed with the help of dental and postcranial morphologies.
